The most distinguishing feature of 3D display systems, compared to their traditional 2D counterparts, is their ability to provide an additional perception of depth to its viewers. Thus, the mechanisms behind human depth perception play a significant role in 3D video systems. While there has been significant amounts of research carried out to understand human depth perception, in the areas of physiology and psychology, its applicability to 3D display systems is seldom spoken. Understanding the mechanisms of depth perception is of utmost importance to the development of 3D video technologies that are heavily based on exploitation of human perception. In this paper, it is explained with the aid of existing physiological and psychological models how humans perceive depth in 3D video displays. Based on these explanations a mathematical model is derived to explain the just noticeable difference in depth (JNDD) as perceived by a viewer, watching 3D video. The derived model is experimentally validated on an auto-stereoscopic display. This model is expected to be useful in both 3D content productions as well as in 3D content processing and compression.
INTRODUCTION
Stereoscopic video is expected to be the first mass market application of 3 Dimensional Television (3DTV) [1] . Stereoscopic 3D video is a technology based on exploiting the properties of human depth perception [2] . Two slightly different perspectives of the same are projected simultaneously to each eye of a viewer, to provide this sensation of depth. While humans use different physiological and psychological cues to perceive depth [3] , binocular stereopsis is the most important additional cue provided by modern stereoscopic 3D displays, in comparison to the traditional 2D displays. Binocular stereopsis is the sensation by which the brain interprets depth information, by making use of the two different perspectives seen by the two eyes. Recent studies [4] [5] [6] that focused on modeling depth perception in 3D video, suggest that the viewers are less sensitive to the variations in the depth perceived with binocular stereopsis. The studies reported in [4] and [5] are both based on the color plus depth representation [6] of stereoscopic 3D video, and concluded that the quality variation of the depth map has very low effect upon the perceived depth. The information contained in the depth map corresponds to the binocular stereopsis provided by the display system. Thus, according to these studies, users are less sensitive to additional depth information provided by a stereoscopic 3D display. However, these studies did not provide a quantitative model of the perception of depth, with the aid of binocular stereopsis. If such information is available, it could be effectively used in capturing, processing and compression of 3D video, such as in compressing the depth map at low bit rates, without letting the end viewers to perceive a difference in depth perception. Further, depth maps can be preprocessed to eliminate depth details that are not perceived by a human [10] . Some information in this regard is found in [7] , where the authors provide a quantitative analysis of the effect of different depth cues towards perception of depth humans. A set of graphs are provided to illustrate the variation of the just noticeable difference in depth perceived by humans, using different depth cues. However, these results, which were obtained for real world viewing scenarios, is not adequate to explain depth perception in 3D video systems.
In this paper, we analyze the sensitivity of humans to depth information provided by binocular stereopsis, in a sterescopic 3D video system. A mathematical model is derived to explain the just noticeable difference in depth (JNDD) perceived by humans, when watching 3D video and it is experimentally validated by a subjective test. The rest of this paper is organized as follows. In section 2, a brief introduction to binocular stereopsis is provided and the mathematical model to explain the just noticeable difference in depth for 3D video displays is presented in section 3. The section 4 presents the experimental validation of the mathematical model derived in the section 3 and section 5 illustrates the applicability of the model to various displays. The section 6 concludes the paper. 
BINOCULAR STEREOPSIS AND 3D VISION
Humans are able to perceive the depth of different objects in space. Many psychological and physiological cues are made use of, to perceive the depth. Out of these cues, the binocular stereopsis is an important physiological cue that enables the depth perception, with the aid of two eyes. Furthermore, the binocular stereopsis is the most significant additional cue that is provided by modern 3D display systems. In this section we discuss the basics of binocular stereopsis as a cue of depth perception for humans. The Figure 1 illustrates how the geometry of the binocular vision gives rise to slightly different images for the two eyes. If both eyes are fixating on the point P, then the images cast by that point fall on the centre of the fovea of each eye. Assume that the point Q casts the image α degrees away from one eye's fovea and β degrees away from the other eye's fovea. The binocular disparity η in this case is given as (β -α), measured in degrees of visual angle. Binocular disparity acts as the stimulation that enables the depth perception with binocular stereopsis. It has both a magnitude and a direction. Let the angular disparity stimulated by point Q be denoted by η Q , ) (
Geometrically, it can be proven that the disparity is proportional to the relative depth (d) of the point Q with respect to point P, and inversely proportional to the square of the viewing distance v [3] . According to equations (1) and (3), η Q >0 and η R <0. The brain interprets this sign difference as the relative positioning of points Q and R with respect to point P. When the binocular disparity is greater than zero, the brain interprets that the point is behind the fixation point and vice versa. Thus, binocular disparity provides stimulation to the brain to perceive the relative depth of objects, with respect to a fixation point.
JUST NOTICEABLE DIFFERENCE IN DEPTH MODEL FOR STEREOSCOPIC DISPLAYS
In this section, the behaviour of the JNDD model for 3D viewing on stereoscopic displays is discussed. When the viewers watch 3D video, generally they fixate their eyes on the screen. The just noticeable difference in depth, in this case depends on two criterions. Firstly, as explained in section 3.1, the just noticeable difference in depth depends upon the viewing distance. In addition to this, as explained in section 3.2, the just noticeable difference also depends upon the simulated depth level by the display system.
The effect of the viewing distance upon the Just Noticeable Difference in Depth
According to the Equation (2), as the viewing distance increases, the binocular disparity decreases. Hence, at larger viewing distances, to perceive a difference in depth between a fixating point and an object, the fixation point and the object should be wider apart than at smaller viewing distances. In other words, the JNDD increases with the increasing viewing distance. The viewing distance is the distance to the point of fixation, and is generally the screen. According to the graphs given in [7] , JNDD perceived with binocular disparity varies with the viewing distance, as given in Equation (4) . In Equation (4) Figure 2 . According to this relationship, the binocular disparity is a dominant depth cue only in the close proximity. However, this model, which is developed for real world viewing scenarios, has limited applicability to stereoscopic video display systems. Therefore, in the next section we derive a JNDD model, which is applicable to a 3D viewing scenario on a stereoscopic video display. As illustrated in Figure 3 , the viewers see the Point Q behind the screen (or in the opposite case, in front of the screen), due to the binocular disparity. The binocular disparity η caused by point Q is calculated as in Equation (1). η is the stimulus that enables the viewer to initially perceive that the point Q is behind the screen. Next, the point Q is moved a distance ∆d from its original position to the point Q', as shown in Figure 3 . The change in depth, ∆d, corresponds to a stimulus difference of ∆η. The viewers do not perceive a change in the depth level of the point, until the stimulus difference ∆η reaches a specific threshold, which depends upon the simulated depth level. According to the relationship given in Equation (2), the binocular disparity η is proportional to the simulated depth and inversely proportional to the square of the viewing distance. If the proportional constant is k, the Equation (2) can be rewritten as follows.
As shown in the Figure 3 , due to a small change in the simulated depth ∆d, the binocular disparity η changes as well. If the change in the binocular disparity is denoted by ∆η, Equation (5) can be applied for this situation as follows,
This follows the relationship between ∆η and ∆d, as given in Equation (5).
The Weber's law provides a relationship between an initial stimulus and the difference of that stimulus to perceive a just noticeable change. According to the Weber's law [8] , at a larger initial stimulus, a larger stimulus difference is required for a subject to perceive a change in the initial stimulus. When the binocular disparity is considered as the stimulus, it yields a relationship given as in Equation (7).
In Equation (7), K w denotes the Weber Constant. The value of the Weber Constant needs to be experimentally determined. For the case of 3D viewing conditions considered in this paper, the determination of this constant is presented in Section 4.3. Substituting Equations (5) and (6) in (7), the relationship between the simulated depth and the just noticeable difference in depth can be derived, as given in Equation (8) .
In Equation ( 
Derivation of the JNDD model for 3D viewing on a stereoscopic display
Finally, considering the effect of both the viewing distance and simulated depth level upon the just noticeable difference in depth, a general model can be given as in the Equation (9) . According to the Equation (9), the just noticeable difference in depth (
) is the addition of two effects, which were discussed in the previous subsections.
As illustrated in the Figure ( In the Figure 4 , the near clipping plane and the far clipping plane are two characteristics of a stereoscopic display. They define the maximum simulated depth in front and behind the screen of the display respectively.
EXPERIMENTAL VALIDATION
In this section, we describe in detail a subjective experiment performed to validate the JNDD model presented in the previous section. The aim of this experiment is to validate the model presented in the previous section, by measuring the JNDD on a practical 3D video setup.
Experimental Setup
The experiment is performed on a 42" Philips WoWvx multi-view auto-stereoscopic display. The display resolution is 1920x1080 and aspect ratio of the screen is 16:9. The peak luminance of the display is 200 cd/m 2 . The viewing distance for all subjects is set at 3m from the screen. The near clipping plane and far clipping plane of the display used are both placed at approximately 15.25 cm apart from the screen plane. Inputs to this display system are in the form of colour plus depth representation of 3D video. For this representation the depth map has 256 (0-255) depth levels. Video objects that have a depth level of 128 have zero disparity (co-planar with the screen plane). The depth levels 0 and 255 are displayed 15.25 cm behind and in front of the screen, respectively. 18 subjects (12 Non-expert and 6 Expert) in total participate in this experiment. Considering the specific nature of 3D video, experts were also selected for the experiment. In this experiment, subjects who do research on 3D video and specifically on depth perception 
The Experiment
Subjects are asked to watch a synthetic image sequence with two objects, both representing a synthetic image of a car, as shown in Figure 5 (a). In a natural scene, there are many other cues to enable depth perception. However, in this experiment we measure only the effect of binocular disparity cue, which is provided by a stereoscopic display. Therefore, since it is necessary to isolate any other cues that enable depth perception, a plane image as shown in the Figure 5 (a) is used for this experiment. Initially, the two objects are placed at the same depth level with relative to the screen. The depth of the right object is gradually changed (increased or decreased) at a predetermined rate, while the depth of the left side object is kept unchanged. The subjects need to signal to the coordinator, just when they sense a change in the depth level difference between the two objects. As shown in the 'Left Car' column in Table I , the experiment is repeated at different initial depth levels. The 'Right Car' column in the Table I , show the variation of the relative depth of the right side object, in each of the experiments. The subjects are asked if the right object moves towards to the front or behind, relative to the left side object. To ensure the reliability of the experimental outcomes, the responses of the subjects who answer this question incorrectly are discarded from the final analysis. In the experiment, the depth of the right object is changed in increments of one depth level. The color texture image is not changed/ altered during the entire sequence. The depth level of the right object is changed every 1.5 second (3 frames in the depth map for each depth level and the sequence is played at 2 fps). Since subjects take few rounds to get familiar with the experiment, each of them is given at least 4 rounds of training before the actual experiment. At the beginning the subjects take more time to respond and gradually the response time becomes a constant towards the end of the training session. Figure 6 . Average of just noticed difference in depth at various simulated depth levels (Viewing distance = 300cm)
Results
Results of the experiment described in the previous subsection are summarized in Table I and further illustrated in Figure 6 . For the purpose of illustration, in the Table I , we denote all the simulated depth levels in front of the screen as positive and vice versa. According to the Figure 6 , the experimentally obtained just noticeable difference in depth values corresponds closely to the theoretical model illustrated in the Figure 4 . Thus, the model given in the Equation (9) is validated by the results presented in the Figure 6 and Table I . The large standard deviation observed in the Figure 6 is due to variation of sensitivity of different individuals to the depth perception in the 3D screen. However, the pattern which shows a minimum at screen level and increasing trend besides is still observed for all the individuals. The figure 7, illustrates the difference between expert and non expert viewers. Expert viewers had a high sensitivity to the depth perception. Their JNDD is much lower than non experts. Thus, as users gain more experience with the 3D video systems, their sensitivity to depth would also increase. 
APPLICABILITY TO DIFFERENT STEREOSCOPIC DISPLAYS
Various types of stereoscopic displays are discussed in [9] . Among other factors such as the sharpness of the display, and processing carried out by the display, these displays differ from each other by the recommended viewing distance, simulated depth range, zero disparity level, and the near and far clipping planes. In the Figure 8 , two such varia- Figure 8 , relative to the display discussed earlier in this paper. In the Figure 8 , Display type 1 refers to a stereoscopic display whose viewing distance and simulated depth is doubled, relative to the reference display. The display type 2, in the Figure 8 , illustrates a situation in which the simulated depth is doubled at the same viewing distance as the reference system. For the display of type 1, the horizontal disparity is the same as in the reference type. Therefore, the stimulus does not change, when the simulated depth changes. Hence, the slopes of the JND graphs in the Figure 9 , are parallel to the reference system. However, since the viewing distance is increased, JND in depth is also increased in this system. For display type 2, the stimulus is increased for simulated depth, relative to the reference system. According to the Weber's Law, at increased stimulus levels, the just noticeable stimulus difference is also increased. Hence the slopes of the JND graph for this system in the Figure 9 , is much steeper than the reference system.
CONCLUSIONS
3D video is a technology that is based around the human perception of depth. In this paper, how humans perceive depth is analyzed with the aid of binocular stereopsis, which is the most important additional cue provided by the 3D display systems. A mathematical model is derived to explain the sensitivity of humans to the changes in depth, in a 3D scene. The derived mathematical model is comprehensively validated by a subjective experiment.
From the experiments, it is seen that the viewers are not sensitive to perceive sufficiently small variations of depth, in a 3D video scene. However, this sensitivity varies for different viewing conditions, and display types. The information provided in this paper is expected to be useful for future experiments dealing with capture, processing and coding of 3D video. In particular, the model JND in Depth Figure. 9. Expected JNDD models for different types of displays provided in this paper is useful for color plus depth representation of 3D video, for which the depth information of the scene is directly available. Further, this model could also be used in the design of 3D video setups such as to determine the viewing position with respect to a screen. In the future, we expect to extensively verify this model on different types of 3D displays and viewing conditions.
